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The study of the rare decays B → Kð�Þνν̄ offers a window into the dynamics operating at the electroweak
scale, allowing studies of the Standard Model and searches for heavy new physics. However, the analysis of
these decays is also potentially sensitive to the on shell production of new light bosons X through the
process B → Kð�ÞX. In particular, Belle II has recently measured Bþ → Kþνν̄, finding a 2.8σ excess under
the assumption of heavy new physics. Since this excess is rather localized in the kaon energy, a fit that
includes the decay mode Bþ → KþX to the kinematic distributions prefers mX ≈ 2 GeV with branching
fraction Br½B → KX� ¼ ð8.8� 2.5Þ × 10−6 and a significance of ≈3.6σ. However, no excess was found in
the BABAR measurements of B → Kð�Þνν̄, and a global analysis of the Belle II and BABAR data leads to
Br½B → KX� ¼ ð5.1� 2.1Þ × 10−6 with a reduced significance of ≈2.4σ. We then study various simplified
dark-flavored models and present a possible UV completion based on a gauged B3 − L3 symmetry,
highlighting the discovery potential of dedicated searches for B → Kð�ÞX at Belle II.

DOI: 10.1103/PhysRevD.109.075008

I. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa (CKM) mechanism
[1] of the Standard Model (SM) was established by the B
factories Belle [2] and BABAR [3] to be the leading source
of quark flavor violation. Furthermore, the discovery of the
Higgs boson [4,5] at the Large Hadron Colider (LHC) at
CERN [6,7] completed the SM. However, this does not
exclude the existence of beyond-the-SM physics but rather
only limits its possible size and strongly motivates the

experimental search for it, both at the high-energy frontier
and with precision observables.
Historically, indirect evidence for new particles often

preceded direct discoveries. In particular, the existence of
the charm quark, the W boson, the top quark, and also the
Higgs were expected due to indirect measurements of the
Fermi interactions, kaon mixing, electroweak precision
observables, etc. In this context, semileptonic B meson
decays are a particularly useful tool for indirect new
physics (NP) searches: they have distinct and clean
experimental signatures and, in general, controllable theo-
retical uncertainties as well as suppressed rates, making
them sensitive probes of beyond-the-SM physics. In fact,
an interesting number of anomalies, i.e. deviations from the
SM predictions arose [8]. In particular, global fits to
semileptonic B decays involving b → cτν and b → slþl−

transitions show interesting hints for NP (see Refs. [9–11]
for recent reviews).
Recently, the Belle II collaboration released an analysis

of the closely related flavor-changing-neutral-current
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(FCNC) process Bþ → Kþνν̄ [12,13] finding an excess of
2.8σ over the SM hypothesis. This significance was
obtained under the assumption of heavy NP [14], allowing
a connection to the anomalies in b → cτν and b → slþl−

[15–21]. However, we will pursue a different path here: The
B → Kþνν̄ measurement can be reinterpreted as a search
for the two-body B → KX decay if the undetected particle
X is stable (approximately) or decays invisibly [22–29].
[30] For this, X must be quite light, with mX ≤ mB −mK ,
such that it would result in a resonant feature in the
spectrum of the squared invariant mass of the dineutrino
system (denoted by q2) of B → Kνν̄. This is different from
the case of the SM, or any heavy NP contribution, where all
q2 dependence arises from the form factors, phase space,
and the experimental efficiency [31].
Actually, the study of these types of experimental

signatures has recently intensified in the context of dark-
flavored sectors, which are new light particles weakly
coupled to the SM fermions with a rich flavor structure that
can induce FCNC (see [32,33] for reviews). This includes a
QCD axion emerging from the breaking of horizontal
flavor symmetries [22,34–41], axionlike particles (ALPs)
[42–49] and new neutral gauge bosons such as light Z0
bosons in the closely related process b → slþl− [50–59].
Fortunately, Belle II provides information on the q2

spectrum in their analysis, and, in fact, it shows a peak,
localized around q2 ¼ 4 GeV2, suggesting that the possible
excess might be better described by a new light mediator
than with heavy NP. Therefore, in the next section, we will
consider the experimental status of the b → sνν̄ transitions,
including previous data from BABAR [60], and perform a
global analysis and recast of the data under the hypothesis
of light NP. In Sec. III, we will then study a series of
simplified models that could be searched for by dedicated
analyses of b → sX and propose an example of a possible
UV completion before we conclude in Sec. IV.

II. EXPERIMENTAL STATUS AND STATISTICAL
ANALYSIS

Due to the challenges in reconstructing the events in
which the visible final state only involves a kaon (for
charged B meson decays) or its decay products (for neutral
B meson decays), searches for B → Kð�Þνν̄ have only been
performed at the B-factories Belle and BABAR.[61] Here, B
mesons are produced in pairs from the decay of a ϒð4SÞ
resonance and various analysis techniques to search forB →
Kð�Þνν̄ are available. In semileptonic tagged analyses (STA),
one of the B mesons is reconstructed via its semileptonic
decay while the other one is used to search for B → Kð�Þνν̄.
Similarly, hadronic-tagged analyses (HTA) use the hadronic
decay of one of theBmesons and study the decay of interest
of the other one. BABAR and Belle have searched for B →
Kð�Þνν̄ using both techniques [60,62–64]. The BABAR
experiment found Br½Bþ → Kþνν̄� ¼ 1.5þ1.7þ0.4

−0.8−0.2 × 10−5

and Br½B → K�νν̄� ¼ 3.8þ2.9
−2.6 × 10−5 [60], while Belle pro-

vided 90% CL upper limits to the same process at the level
of 2.7 × 10−5.
An additional analysis technique, referred to as inclusive

tag analysis (ITA), already adopted by Belle and Belle II in
previous studies [65,66], allows one to reconstruct inclu-
sively the decay Bþ → Kþνν̄ from the charged kaon. This
alternative methodology negates the requirement of a
coincidental fully reconstructed hadronic (or semileptonic)
B-decay to tag the event, thereby providing a higher signal
efficiency at the cost of reduced signal purity due to
increased background levels. In the recently released results
obtained by Belle II, both ITA and HTA techniques are
used [14], and the results are combined. Driven by the ITA
technique with its higher statistics, Belle II obtained the
first evidence for the decay Bþ → Kþνν̄ with 3.5σ signifi-
cance, measuring Br½Bþ → Kþνν̄� ¼ ð2.3� 0.7Þ × 10−5

when rounding to the first digit. This is in 2.7σ tension
with the SM prediction of Br½Bþ → Kþνν̄�SM ¼ ð0.497�
0.037Þ × 10−5 (excluding the contribution from Bþ → τþν
with τþ → Kþν̄) [67] (see also [68,69] for other recent SM
predictions [70].
This result is interesting because it might indicate not

only the presence of NP in the b → sνν̄ transitions but even
the presence of new light states. This can be seen by
looking at the supplemental material that accompanies the
Belle II result [14]. The postfit distributions of events as a
function of q2 indicate that the observed excess clusters in
the region around q2 ¼ 4 GeV2, as can be seen in the right
plot of Fig. 3 in the Appendix, showing the data and SM
yields from the Belle II search for Bþ → Kþνν̄ [14].
However, to evaluate the significance of such an excess,
a fit taking into account the experimental resolution and all
available data, including BABAR’s where no excess has
been observed, has to be performed.
Therefore, we use the differential distributions of

the B0;þ → K0;þνν̄ measurements of Belle II [14] and
BABAR [60] under the assumption that a light resonance
escaping detection is present (i.e. X is either stable,
sufficiently long-lived or decays invisibly) to evaluate
the combined significance for NP. Furthermore, we will
use the B → K�νν̄ measurement of BABAR [60] to set an
upper limit on Br½B → K�X�.
We fit the NP signal to the reconstructed data by

modelling the resonance X with a Gaussian distribution.
This is done via a binned maximum likelihood fit, using the
pyhf software package [71]. In the combined fit to Bþ →
Kþνν̄ (Belle and BABAR) and B0 → K0νν̄ (BABAR) data,
each measurement constitutes a channel in the statistical
pyhfmodel with a fully correlated signal. Similarly, in the
fit to the BABAR B0 → K0;�νν̄ and Bþ → Kþ;�νν̄ distribu-
tions, the relative signal is fixed by isospin invariance to be
(approximately) equal.
While we assume that the particle X has a negligible

intrinsic (physical) width, we nonetheless assign a
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Gaussian with a standard deviation of 1.5 GeV2 to its q2

distribution to capture the detector resolution; the latter was
estimated by detailed simulation studies of the process

Bþ → KþD0 followed by nonreconstructed decays of the

D0 meson that mimic the kinematics of the process Bþ →
KþX as long as MX ≃M

D0 [72].
The fit to the Belle II data alone results in Br½Bþ →

KþX ¼ ð8.8� 2.5Þ × 10−6 for mX ≈ 2 GeV, with a sig-
nificance of 3.6σ. The inclusion of BABAR data in the fit
reduces the significance to 2.4σ and

Br½B → KX� ¼ ð5.1� 2.1Þ × 10−6; ð1Þ

is preferred (see Fig. 5 in the Appendix for details). For
B → K�X, only BABAR data is available, and since there is
no excess seen, an upper limit of a few times 10−5,
depending on mX, can be obtained. The results of the
B → KX and B → K�X fits are depicted in the left and right
panels of Fig. 1, respectively.

III. MODELS OF LIGHT NEW PHYSICS

Here, we consider two options of light particles that can
lead to B → KX, a light neutral vector (i.e. a Z0) and
flavored axions and ALPs [22,34–49,73]. In both cases, X
should not decay to charged SM fermions as those decays
would give prominent resonant signals in e.g. b → slþl−

decays. Couplings to electrons, muons, and light quarks
should be absent or sufficiently small such that the new
boson is long-lived enough to decay outside the detector or
has a dominant invisible decay width [74].

Since a flavor-changing bottom-strange coupling (gsb) is
needed to obtain the desired decay mode, in principle
constraints from Bs − B̄s mixing have to be considered. In
fact, for a light Z0 or ALPs, one can set up an operator
product expansion in mX=mb to calculate this new physics
contribution and obtain bounds on the flavor-changing
couplings gsb [22]. However, these limits are typi-
cally weaker than the ones obtained from decays such as
B → Kð�ÞX because (in contrast to the case of heavy NP)
the decay rate is proportional to the quadratic (not quartic)
power of the couplings which is the same scaling as for the
neutral-meson mixing amplitude.

A. Light vectors (Z0)

Including couplings up to dimension-6, the interaction
Lagrangian is [53]

LZ0 ⊃
�
gð4ÞL Z0

μðs̄γμPLbÞ þ
gð5ÞL

Λ
Z0
μνðs̄σμνPRbÞ

þ gð6ÞL

Λ2
∂
νZ0

μνðs̄γμPLbÞ þ H:c:

�
þ fL ↔ Rg; ð2Þ

where Z0
μν ¼ ∂μZ0

ν − ∂νZ0
μ is the Z0 field strength tensor. For

later convenience, we also introduce vector and axial-vector

couplings gðdÞV ¼ gðdÞR þ gðdÞL and gðdÞA ¼ gðdÞR − gðdÞL .
In this setup, we find the following B → KZ0 decay rates

if only one of the couplings is switched on at a time,

Γð4Þ
B→KZ0 ¼ jgð4ÞV j2

64π

m3
B

m2
Z0
λ
3
2fþ; ð3Þ

FIG. 1. Left: Combined fit to Br½B → KX� from Belle II and BABAR as a function of the mass of X. Right: Same for Br½B → K�X�
(only BABAR data available).
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Γð5Þ
B→KZ0 ¼ jgð5ÞV j2

16π

mBm2
Z0

Λ2

�
1þmK

mB

�
−2
λ
3
2fT; ð4Þ

Γð6Þ
B→KZ0 ¼ jgð6ÞV j2

64π

m3
Bm

2
Z0

Λ4
λ
3
2fþ; ð5Þ

with the phase-space function

λ ¼ 1þm4
K

m4
B
þm4

Z0

m4
B
− 2

�
m2

K

m2
B
þm2

Z0

m2
B
þm2

Km
2
Z0

m4
B

�
: ð6Þ

For the B → K form factors fþ and fT we use the values
reported in [75] (see also Refs. [68,76]) which have to be
evaluated at q2 ¼ m2

Z0 .
Similarly, we find for the B → K⋆Z0 decay rates,

Γð4Þ
B→K�Z0 ¼ mB

32π
λ
1
2�½jgð4ÞV j2FV þ jgð4ÞA j2FA�; ð7Þ

Γð5Þ
B→K�Z0 ¼ mB

8π

m2
B

Λ2
λ
1
2�½jgð5ÞV j2F T þ jgð5ÞA j2F T5�; ð8Þ

Γð6Þ
B→K�Z0 ¼ mB

32π

m4
Z0

Λ4
λ
1
2�½jgð6ÞV j2FV þ jgð6ÞA j2FA�; ð9Þ

with

FV ¼ λ�

�
1þmK�

mB

�
−2
V2; ð10Þ

FA ¼ λ�

�
1þmK�

mB

�
2

A2
1 þ

32m2
K�

m2
Z0

A2
12; ð11Þ

F T ¼ λ�T2
1; ð12Þ

F T5 ¼
�
1 −

m2
K�

m2
B

�
2

T2
2 þ

8m2
K�m2

Z0

m2
BðmB þmK�Þ2 T

2
23: ð13Þ

The phase-space function λ� is defined equivalently to the
B → KZ0 decay, with the replacement mK → mK� . We use
the B → K� form factors V, A1, A12, T1, T2, T23 reported in
Ref. [77] (see also Ref. [76]).
The results can be seen in the plots of Fig. 2 that show the

correlation between the B → KZ0 and B → K�Z0 branching
ratios (left plot) and the best-fit regions in the plane of Z0
couplings to left-handed and right-handed quark currents
(right plot). In both plots, the mass of the Z0 is fixed to the
best-fit value ∼2 GeV, cf. the discussion in Sec. II. One can
see that couplings only to left-handed or right-handed

quarks, gð4=6ÞL=R , generate B → K�Z0 branching ratios that
exceed the experimental bounds by a factor of few. The

dimension-5 dipole couplings, gð5ÞL=R, lead to even larger
B → K�Z0. Couplings that are dominantly vectorial are
needed for explaining the enhanced B → Kνν̄ branching
ratio without violating the constraints from B → K�νν̄. The
size of the Z0 couplings is very small, at the order of 10−8.

FIG. 2. Left: Correlations between B → KZ0 and B → K�Z0 (colored lines) for the different s̄bZ0 operators considered in this work.
These are compared to the experimental data stemming from the combination of Belle II, BABAR and Belle measurements, which is
represented by the red regions corresponding toΔχ2 ¼ 2.3 and Δχ2 ¼ 6.18. Belle’s upper limit (hatched region at 2σ) and the new Belle
II measurement (blue vertical band at 1σ and 2σ). Right: Preferred regions in the gL − gR plane. One can see that (approximately)
vectorial couplings of the order of 10−8 are suggested by current data.
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B. Axionlike particle

We consider now a massive pseudoscalar or ALP a
coupled with a derivative coupling to the bs current,

LALP ⊃
∂μa

2f
ðs̄γμðgV þ gAγ5ÞbÞ þ H:c: ð14Þ

where f is the ALP decay constant and where we have
started from the vectorial basis for the couplings. Note that
this also covers the case of neutral (pseudo)scalars with
(effective) gSs̄bþ gPs̄γ5b couplings (without a derivative),
by identifying gVðAÞmb=2f ¼ gSðPÞ as per the equations of
motion.
In this setup, the B → Ka and B → K�a decay rates are

given by

ΓB→Ka ¼
jgV j2m3

B

64πf2

�
1 −

m2
K

m2
B

�
2

λ
1
2f20; ð15Þ

ΓB→K�a ¼
jgAj2m3

B

64πf2
λ
3
2�A2

0; ð16Þ

where λ and λ� are now the same as for B → KZ0 and
B → K�Z0, respectively, but replacingmZ0 byma. The form
factors f0 and A0 did not enter the expressions for the
B → Kð�ÞZ0 rates but can also be found in Refs. [68,75–77].
They are evaluated at q2 ¼ m2

a.
As is evident from Eqs. (15) and (16) above, only

vectorial couplings are capable of explaining B → Kνν̄
while axial vector couplings are constrained by B → K�νν̄.
The corresponding constraints on the couplings are quali-
tatively similar to the Z0. In terms of the ALP decay
constant, Eq. (1) implies FV ≡ 2f=jgV j ¼ 3.1þ1.0

−0.5 × 108 for
ma ¼ 2 GeV, while the upper limit from B → K�a leads to
FA ≡ 2f=jgAj≳ 1.7 × 108 GeV at 2σ.

C. B3 −L3 symmetry

Let us outline one possible UV complete model that
could give rise to B → KX, which is based on a gauged
B3 − L3 symmetry. This means we assume that third-
generation baryon and lepton numbers are oppositely
charged under a new gauged Uð1ÞX symmetry. This charge
assignment is anomaly-free and can provide an explanation
of the smallness of the CKM elements Vcb;ts and Vub;td.
The reason for this is that in unbroken Uð1ÞX, no 1 – 3 and
2 – 3 elements in the quark Yukawa couplings are allowed.
This means that while all quark masses and the Cabibbo
angle can be obtained from the SM Higgs after it acquires
its vacuum expectation value (VEV) from renormalizable
dimension-4 couplings, Vcb;ts and Vub;td are zero at this
level. One option to obtain nonzero Vcb;ts and Vub;td is to
introduce additional Higgs doublets charged under Uð1ÞX
to generate Vcb;ts and Vub;td via their VEVs (possibly in
conjunction with vectorlike quarks [78]).

Since the Uð1ÞX gauge boson needs to have both left-
handed and right-handed bs coupling to explain B → KX
without violating the bounds from B → K�X, we have to
add two additional Higgs doublets charged under B3 − L3

with opposite Uð1ÞX charges [79,80]. Furthermore, a
singlet under SUð2ÞL charged under Uð1ÞX is needed to
obtain the preferred Z0 mass mZ0 ≃ 2 GeV without over-
shooting Br½B → KX�. Finally, note that since 2 GeV is
below the bottom and tau thresholds, such a Z0 boson
naturally decays invisibly to tau neutrinos and thus escapes
detection.

IV. CONCLUSIONS AND OUTLOOK

Motivated by the recently observed excess of 2.8σ (with
respect to the SM prediction) in Bþ → Kþνν̄ by Belle II,
we studied the option of light new physics, i.e. B → KX
where the new boson X escapes detection. In fact, since the
excess is localized around 4 GeV2, the investigation of
light NP hypothesis is motivated. Assuming that the
“effective” width of the particle is given by the detector
resolution (i.e. the physical width is small compared to the
detector resolution), we found a significance of≈2.4σ and a
preferred branching ratio of Br½B → KX� ¼ ð5.1� 2.1Þ ×
10−6 for mX ≈ 2 GeV once the Belle II data is combined
with the corresponding BABAR result [81]. Similarly we
performed a fit to B → K�νν̄ where no excess is observed.
We studied the two simplified NP physics models with a

light vector and a light pseudoscalar with derivative
couplings (i.e. an ALP). It is found that the flavor-changing
coupling to bottom and strange quarks should be domi-
nantly vectorial to explain the excesses. Finally, we
proposed an example of a UV complete model, a gauged
B3 − L3 symmetry, broken by three additional scalars [two
SUð2ÞL doublets and one singlet] that naturally leads to the
desired signature.
One should note that while our fitting approach provides

insightful information on possible underlying processes in
Bþ → Kþνν̄, it leaves room for improvements. The reason
is that while the Bþ → KþX carries kinematic information
typical of a two-body decay, the original search is not
optimized for such a case, and a dedicated experimental
analysis will provide a better sensitivity. However, we hope
that our work motivates dedicated analyses by the B
factories.
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APPENDIX: DETAILS ON THE FIT

We perform maximum likelihood fits to the BABAR [60]
and Belle II [14] data using the pyhf software package
[83,84]. For this, we include the essential estimated
experimental systematic uncertainties, based on those
quoted in the Belle II analysis, as nuisance parameters.
The signal is fit to data using binned templates of the q2

distributions, derived from postfit Monte Carlo (MC)
distributions, including individual contributions from BB̄
and continuum SM background and the predictions of the
SM contribution to B → Kð�Þνν. The corresponding tem-
plates are shown in Fig. 3 (left) for the Belle II analysis.
They contain 12 bins in total; three q2 bins which are
repeated in four bins of the signal discriminator output.
These are constructed such that the expected signal
efficiency is a constant 2% in the four regions.
For each of the four fit templates shown on the left in

Fig. 3, we include an overall normalization uncertainty of
10% and the associated statistical uncertainty obtained
from the measured number of events. The continuum
background template has an additional uncertainty of
10% from shape systematics, which we allow for each
bin to fluctuate individually [82]. To validate these choices,
a fit including only the SM contribution, and no injected NP
signal, is first conducted. From this, Br½Bþ → Kþνν̄� ¼
ð2.8� 0.7Þ × 10−5 is found, which is in good agreement

with the result of the Belle II analysis. Similarly, we extract
90% CL upper limits of Br½Bþ → Kþνν̄� < 3.19 × 10−5

and Br½B0 → K0νν̄� < 5.77 × 10−5 from the BABAR data,
showing compatibility with the published values.
The BABAR data are provided in bins of SB ¼ q2=m2

B
and the distributions are shown in Fig. 4 with contributions
from the background, the SM to B → Kνν and the NP
signal. The associated signal efficiency in each bin is
provided and considered in the fit via scaling of the
resonance template. Only statistical uncertainties are
accounted for in templates of the BABAR fit. In the case
of the simultaneous fit to the Belle and BABAR data, the
normalization of the B → Kνν templates are fixed by the
SM expectations to the channels.
The NP signal is modelled with a Gaussian distribution,

with the initial prefit yield of the template defined as the
number of excess events observed in the Belle II data. We
assume a standard deviation of 1.5 GeV2 for this distri-
bution, the result of this can be seen in Fig. 3, where the NP
contribution is scaled to the best-fit branching fraction. This
assumption is also true of the fits to BABAR distributions,
where the Gaussian mean and standard deviation are scaled
as the other distributions (SB ¼ q2=m2

B).
Note that the look-elsewhere effect here is considered

negligible since the fit only takes into account three
(independent) q2 bins (see left panel of Fig. 3).

FIG. 3. Left: Histogram showing Belle II data andMC [14] used in the NP fit, with four signal regions of the discriminator output, each
containing 2% signal efficiency across three q2 bins. Right: The highest sensitivity bin (i.e. with signal discriminator 0.98–1) split into
finer q2 bins, showing the resonant characteristics of the observed excess for which the red line shows the best fit. Note that these data
were not used for the fit but are only shown as illustrations.
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